The desiccant wheel is a key component in solid-desiccant systems. At present, the analysis of the behaviour of air handling units based on desiccant wheels is a complex task. It is difficult to access a simple model that can represent the behaviour of commercialized desiccant wheels with sufficient accuracy.
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2 sections of the desiccant wheel due to the strong dependence of the air state on the angular position.
An empirical correction of the measured state of the process air at the outlet of the desiccant wheel is used. The corrected data are used in the investigation of the validity of the effectiveness method by using constant values in a large set of cases where the rotation speed of the desiccant wheels and the fans are kept constant. Important deviations between the predicted and the experimental results were found in a significant number of cases, therefore there is the need of improving the method by taking into account the effect on the effectiveness parameters of varying the inlet states of both airflows.
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Introduction
Nowadays the interest in HVAC&R systems based on desiccant wheels is widely increasing due to the possibility of using renewable energy sources with low environmental impact and high potential of fossil fuel consumption and greenhouse gas reduction.
Beccali et al. [1] presented instantaneous, daily and monthly energy performance indicators of a Solar Desiccant Evaporative Cooling system, for the cooling operation mode during five months and heating operation mode during three winter months. The system is composed of an air handling unit coupled with a radiant ceiling that provides most of the energy required to remove the sensible cooling/heating load. Aprile et al. [2] investigated the control optimization of a solar assisted airconditioning concept combining a desiccant and evaporative cooling system with an electrical reversible water/water heat pump. In summer, the heat pump cools the supply air stream and pre-heats the regeneration air when dehumidification is needed; in winter, the heat pump provides auxiliary heat if a minimum temperature is available in the heat storage, otherwise a backup boiler is used. The depicted system has been modelled and an extensive simulation work has been carried out to identify an optimal control strategy. According to the simulation results, the system can deliver primary air at the requested temperature and humidity while holding the overall primary energy consumption at significant low levels compared to reference system solutions, using a gas boiler and an air-condensed chiller.
Primary energy and emissions savings can also be achieved when regeneration of the desiccant wheel is performed by means of thermal wastes from cogeneration systems.
Henning et al. [3] showed the results of a simulation model, carried out to design a hybrid desiccant-based HVAC system. A microcogenerator (MCHP, Micro Combined
Heat and Power) supplies electric energy to an electric heat pump and other electric devices. Waste heat recovered from the MCHP is used in summer to regenerate the desiccant wheel. Surplus of thermal energy is used to produce domestic hot water.
During winter, waste heat is directly used for heating using fan-coils as well as an air handling unit. Regarding energy performance, results indicate an electricity saving greater than 30% in comparison to state-of-the-art solutions based on conventional technology.
Angrisani et al. [4] performed laboratory tests to experimentally evaluate a small scale polygeneration system based on a natural gas-fired MCHP and a desiccant-based HVAC system. Cogenerated thermal energy is used for the desiccant wheel regeneration, while electric energy for auxiliaries, chiller and external units. The main results state the increase of the COP of the chiller in desiccant-based HVAC systems.
The paper identifies the operating conditions (outdoor and supply air thermalhygrometric conditions, electric grid efficiency and partial load operation of the MCHP) which guarantee significant primary energy savings (up to around 30%) and CO 2 equivalent emission reductions (up to around 40%) of the polygeneration system compared to a conventional HVAC system.
However, the dynamic energy analysis of air handling units based on desiccant wheels remains difficult. The use of simple methods to describe the global behaviour of a desiccant wheel, such as the effectiveness method, is an interesting approach, but it requires the previous knowledge of the dependence of the effectiveness parameters on the operating conditions.
Several test facilities integrating a desiccant wheel are operated in Germany [5] , Italy 
Effectiveness parameters
In the classical analysis of the thermal behaviour of heat exchangers, the concept of effectiveness results from the comparison between the behaviour of a real heat exchanger with that of an ideal one, adopted as a reference. Due to the coupled processes of heat and mass transfer, the application of the effectiveness method to a M A N U S C R I P T
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8 desiccant wheel requires the use of two independent effectiveness parameters.
Furthermore, those parameters should be quite independent of the inlet states of both airflows or, at least, easily correlated with them.
The ideal and the real curves representing the outlet states and the psychrometric evolutions in both airflows are represented in Fig. 1 , for equal inlet mass airflow rates and water vapour contents in the process air (airflow 1) and in the regeneration air The approaches of the effectiveness method here investigated are supported by the use of the pairs ( h η , ψ η ) and ( F1 η , F2 η ) and are named Eff-A and Eff-B, respectively. In the first approach, the effectiveness parameters are based on the changes of specific enthalpy h :
and on the changes of the variable ψ :
The equilibrium relation of several desiccants is usually expressed with a good accuracy by a relationship between the adsorbed water content and
It is important to stress that the variable ψ corresponds to the relative humidity of the air in those states where the definition of the relative humidity is applicable, i.e., when the air temperature is lower than the water saturation temperature at local atmospheric pressure.
To the best of the authors' knowledge, the pairs of effectiveness parameters ( 
with T and v w expressed, respectively, in ºC and kg kg −1 . The values of the coefficients and exponents of both equations are listed in Table 1 .
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In the second approach, Eff-B, the effectiveness parameters based on the changes of the characteristic potentials are defined as:
The ideal outlet states of both airflows, considered as reference states, are here assumed to be dependent only on the inlet conditions of both airflows, and independent of other parameters, such as: airflow rates, rotation speed, dimensions of the wheel and of the channels of the hygroscopic matrix, and ratio of process to regeneration areas.
Other pairs of effectiveness parameters based on the changes of the temperature (temperature efficiency) and on the water vapour content (dehumidification efficiency)
are referred in literature [15] , but their use in application of the effectiveness method has been scarce. Nevertheless, these parameters should also be investigated in a more extensive work.
Experimental setup
The experimental data used in the present work was measured in an air handling unit that belongs to the test facility depicted in Fig. 2 . The system is located at "Università degli Studi del Sannio" (in Benevento, Southern Italy) and was experimentally analysed in previous research works [7] [8] [9] [10] [11] [12] . The type, measuring range and accuracy of installed sensors, as well as the legend for the symbols, are also shown in Fig. 2 .
The regeneration of the desiccant matrix of the wheel is performed at low temperature, ranging from 60 to 70 ºC. The thermal energy used to heat the regeneration airflow is recovered from a MCHP and/or supplied, if necessary, by a natural gas-fired boiler.
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The experimental setup presents several differences relatively to the common desiccantbased air handling units. It uses three airflows: process air, regeneration air and cooling air. It also uses a heat exchanger and an evaporative cooler, but in this case the heat exchanger performs the heat transfer from the process air to the cooling air and the evaporative cooler is used to cool the cooling air. With this arrangement of components, the regeneration airflow is not humidified before it enters the regeneration section of the desiccant wheel, hence avoiding reduction of its dehumidification capacity.
The air handling unit is not intended to carry out experimental tests at steady state conditions. The inlet states of the process and regeneration airflows are dependent on the atmospheric conditions. Moreover, due to practical constraints the airflow is not well mixed and it is also not well stabilized at measuring sections. These aspects lead to difficulties in measuring with high accuracy the different operating parameters.
Furthermore, each airflow that enters the unit should be previously controlled in a specific chamber or in a specific air handling unit to guarantee the control of the inlet conditions enabling the testing of the desiccant wheel at particular steady operating conditions. This strategy would enable testing the recent simplified procedure of using the effectiveness method [16] [17] [18] .
Only one sensor of temperature and one sensor of relative humidity were used in each measuring section. This constraint is most crucial at both outlet sections of the desiccant wheel due to strong dependence of the air state on the angular position. Being recognized that in those sections the airflow is not well mixed, the use of more sensors at each section should be adopted. Nevertheless, it seems important to use the large set of experimental data of this system to investigate the behaviour of the different components, taking into account the well-known constraints that also exist in common manufactured air handling units.
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The changes observed on the temperature and water vapour content of each airflow during each test can be used to inspect the unbalance on energy and mass between both airflows. Assuming that the air passages between both sectors of the desiccant wheel and that leakages are negligible, the mass and energy balances can be used to evaluate the ratio between both mass dry airflows rates 2 1 / m m σ = ɺ ɺ . This ratio can be evaluated by:
or by:
w w σ and w σ in a significant number of tests. Probably, those observed significant deviations are an indicator that the measured outlet states of both airflows at the desiccant wheel in a particular point do not represent well the mixed condition assumed when using Eqs. (7) and (8) . Moreover, due to the agreement found between parameters derived from the experimental measured data and results published [7, [10] [11] [12] , it is quite probable that the most important deviations are due to errors on measuring the outlet state of the regeneration airflow.
In most of published research works dealing with experimental results of the overall behaviour of a desiccant wheel, it is impossible to inspect on the unbalance errors because those works present the measured values for both inlet states and for the outlet state of the process airflow only. Very few published experimental works indicate the measured states of the outlet states of both regeneration and process airflows.
The achieved deviations between estimated ratios T σ and w σ and the ratio σ evidence the difficulties on performing the energetic analysis of an existing particular installation integrating a desiccant wheel. Another additional difficulty is the quantification of the mass airflow passages from the process side to the regeneration side or vice versa. Very few experimental works provide measurements of the airflow rates at the inlet and outlet of the wheel to access on the quantification of the mass airflow rate passage.
In spite of the important magnitude of the registered unbalance errors, the present paper attempts to investigate the dependences of two pairs of effectiveness parameters on the inlet states of both process and regeneration airflows. It is important to notice that the probable high errors in measuring the outlet state of the regeneration air do not influence both pairs of effectiveness parameters here analysed.
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The measured value of the different variables was averaged for a period of 1 minute, but only the average value of the last 5 minutes period of each test is considered here to be representative of the steady state behaviour of the desiccant wheel.
The two pairs of effectiveness parameters, ( h η , ψ η ) and ( F1 η , F2 η ), predicted for each test are presented in Fig. 6 . Table 2 . The analysis of the achieved RMSD values indicates that both approaches predict results with acceptable accuracy.
In the authors´ point of view it is also important to investigate the errors in evaluating, in a dimensionless way, the mass and heat transfer rates defined by It is important to notice that in a previous paper [7] , using measured data at the same Being recognized that in those sections of a real system the airflow is not well mixed at both outlet of the desiccant wheel, the use of more sensors at each section should be adopted following for example the procedure suggested by Aprile and Motta [6] .
Conclusions
This paper reports an investigation conducted on the imbalance between process and regeneration airflows of a desiccant wheel, as well as about the validity of the simplified effectiveness method in predicting the global behaviour of a desiccant wheel.
Experimental data, measured in an air handling unit equipped with a desiccant wheel, located at Università degli Studi del Sannio, in the South of Italy, were used.
First of all, the measured values of mass flow rates, as well as the inlet and outlet thermo-hygrometric properties of both process and regeneration air were used to evaluate the ratio between mass dry airflows rates σ , in terms of both temperature Furthermore, the percentage of cases where the deviations on the mass and heat transfer rates are greater than the minimum acceptable value (5%) is not negligible in both approaches, the lowest value being 11.2% and the greatest being 30.0%. This assessment contradicts the conclusions mentioned in the research works using experimental data [7, 15] [7, 15] . So, the application of the constant effectiveness method in some published studies, e.g. [20] , is questionable.
The differences between the results predicted by both approaches allow to state that the accuracy of both is similar. However, the approach based on ( h η , ψ η ) is more advantageous, because it uses well-known psychrometric variables, not dependent on the used desiccant, and because it is easier to predict the outlet states of the process air for given values of the effectiveness parameters. • The overall behaviour of a desiccant wheel is investigated
• Two pairs of effectiveness parameters are considered
• The study is supported by experimental data measured in an air handling unit
• An attempt of validation of the effectiveness method is performed
• A correction of the measured outlet state of the process airflow is required
